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encoding ~-glucuronidase (GUS) or green fluorescent protein (GFP) were generated 
and utilized for studies of regulation of viral gene expression and cell-to-cell 
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generate GUS-tagged BYV.  The open reading frame (ORF) possessing the reporter 
gene was introduced between the first and second codons of ORFs coding for a 
HSP70 homolog (HSP70h), a capsid protein (CP), and a 20-kDa protein (p20) of 
BYV to examine accumulation of these three genes.  Northern hybridization analysis 
and wild-type BYV were used to investigate expression of the HSP70h, a 64-kDa 
protein (p64), minor capsid protein (CPm), and a 21-kDa protein (p21) subgenomic 
RNAs.  GUS assays and Northern analyses revealed that the promoters controlling 
expression of HSP70h, CPm, CP, and p21 ORFs were activated early, whereas those 
controlling expression of p64 and p20 ORFs were late.  The order of promoter 
activation did not correspond to that of ORFs in the BYV genome. 
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Closteroviruses were officially recognized as a new plant virus group in 1975 
by the Plant Virus Subcommittee of the International Committee of Taxonomy of 
Viruses (Fenner, 1976; Shepherd et al., 1976).  Family Closteroviridae belongs to 
the Sindbis virus-like supergroup of positive-strand RNA viruses (Dolja et al., 1994). 
Closteroviruses have extremely flexuous filamentous virions and possess the largest 
genomes among plant viruses (Bar-Joseph et al., 1979; Dolja et al., 1994).  The 
particles are formed with one molecule of RNA and two types of capsid proteins 
(Agranovsky et al., 1995; Febres et al., 1996); the major capsid protein (CP) forms 
the main "body" of the particle, while the minor capsid protein (CPm) builds a "tail". 
The existence of two types of capsid proteins was suggested to result from gene 
duplication (Boyko et al., 1992; Dolja et al., 1994; Pappu et al., 1994). 
Closteroviruses are transmitted by aphids, whiteflies, or mealybugs in a 
semipersistent manner (Bar-Joseph et al., 1979; Murant et al., 1988).  Replication 
and movement of closteroviruses are generally confined to phloem and phloem-
associated cells, including phloem parenchyma and companion cells (Bar-Joseph et 
al., 1979; Lesemann, 1988). 2 
A hallmark of closteroviruses in addition to the duplication of the capsid 
protein gene is the presence of a homolog of HSP70 proteins (HSP70h) (Agranovsky 
et al., 1991a; Karasev et al., 1994).  HSP70 proteins are known as ubiquitous cellular 
molecular chaperones possessing multiple functions, such as assisting protein 
folding, degradation, and translocation across membranes (Gething and Sambrook, 
1992).  HSP70 molecules, whose sequences are highly conserved among prokaryotic 
and eukaryotic organisms, contain ATPase domain in their N-terminal two-thirds and 
a protein-binding domain in their C-terminal one third (Bork et al., 1992; Flaherty et 
al., 1990; Gething and Sambrook, 1992).  In HSP70 homologs from closteroviruses, 
the ATPase domain is conserved, whereas the C-terminal domain is quite variable 
even among closteroviruses (Agranovsky et al., 1991a). 
1.1.1 Beet Yellows Virus 
Beet yellows virus (B YV) is the type member of the closterovirus group and 
is transmitted by aphids.  The main agriculturally important hosts of BYV include 
sugar beet, red beet, mangold, and spinach, and other major host plant species are 
Tetragonia expansa, Claytonia peifoliata, and many from Chenopodiaceae family. 
The symptoms characterized in beet are vein clearing or vein yellowing of young 
leaves followed by "vein-etch" symptoms (Bar-Joseph et al., 1979).  The modal 
length of BYV particles is 1,250-1,450 nm (Milne, 1988), and the length of the RNA 
genome is 15,480 nucleotides (Agranovsky et al., 1994).  Most of the particle 
consists of CP, while CPm forms a 75-nm tail at the one end (Agranovsky et al., 1995).  Zinovkin et al.  (1999) have recently suggested that 5' terminus of BYV 
genome is encapsidated by CPm. 
3 
The BYV genome possesses nine open reading frames (ORFs) (Figure 1.1). 
5'  -terminal part of the genome harbors ORFs la and lb.  ORF la encodes a 295-kDa 
product, including papain-like leader proteinase (L-Pro), putative methyltransferase 
(MET), and helicase (HEL) domains, and ORF lb encodes a putative RNA-
dependent RNA polymerase (POL).  The C-terminal one-fourth of L-Pro shows 
significant similarity among closteroviruses and possesses a proteinase domain, 
whose cleavage site is in between L-Pro and the rest of the ORF la product.  On the 
other hand, the region upstream of the proteinase domain shows no similarity to 
corresponding regions of other closteroviruses or to any other proteins (Agranovsky 
et al.; 1994; Dolja et al., 1994b; Karasev et al., 1995; Zhu et al., 1998).  The 3' 
portion of ORF la overlaps the 5' portion of ORF lb, and it has been proposed that 
ORF lb is expressed via +1 ribosomal frameshifting (Agranovsky et al., 1994).  The 
expression of a putative RNA-dependent RNA polymerase via +1 frameshift has also 
been suggested for other closteroviruses (Karasev et al., 1995; Klaassen et al., 1995). 
The 3'  -terminal part of the genome harbors ORF 2 to 8, coding for a 6-kDa 
hydrophobic protein (p6), an HSP70h, a 64-kDa protein (p64), a CPm, a CP, a 20-
kDa protein (p20), and a 21-kDa protein (p21), respectively.  These internal ORFs 
are expressed via formation of a 3'  -coterminal nested set of subgenomic RNAs 
(sgRNAs) (Dolja et al., 1990; He et al., 1997).  ORFs 2 and 3 are most likely 
expressed from the same, longest sgRNA, while each of ORFs 4 to 8 is expressed 
from its individual sgRNA. 4 
We have recently demonstrated that MET, HEL, and POL domains of BYV 
are essential for viral RNA replication, in addition to the autocatalytic cleavage 
between L-Pro and the remainder of the ORF 1a product (Peremyslov et al., 1998). 
TheN-terminal domain of L-Pro, which is outside the proteinase domain, and p21 of 
BYV have been demonstrated to function as replicational enhancers (Peremyslov et 
al., 1998).  The functions of p6, p64, and p20 remain unknown. 
The HSP70h has been proposed to participate in virus trafficking by indirect 
experiments.  Karasev et al. (1992) demonstrated that HSP70h of BYV binds 
purified microtubules in vitro, and suggested that this property might be associated 
with the cell-to-cell movement of the virus.  Agranovsky et al. (1998) recently 
reported that HSP70h of BYV could partially rescue the cell-to-cell movement of 
transport-deficient mutants of potato virus X (potexvirus family) and barley stripe 
mosaic virus (hordeivirus family). 
1.1.2 Citrus Tristeza Virus 
Citrus tristeza virus (CTV) is the largest known plant virus with an RNA 
genome of 19,296 nucleotides (Karasev et al., 1995).  CTV has- 2,000-nm particles 
which are transmitted by aphids or by grafting (Bar-Joseph et al., 1979).  CTV 
infects most citrus species, and severe strains of the viruses result in a disease that 
causes serious reduction of citrus production.  Because CTV causes latent infection 
in many hosts, symptomless plants were transported, and CTV was introduced to 
new areas, such as California.  Stem pitting is the most common symptom of CTV 
infection.  Vein-clearing and seedling yellows are also observed in many CTV-infected hosts (Bar-Joseph et al., 1979).  Like in BYV, the CTV particles possess a 
75- to 85-nm-long segment at the one end that is assembled by p27, a diverged copy 
of CP (Febres et al., 1996). 
5 
The genome of CTV contains 12 ORFs (Figure 1.1), most of which are 
similar to those of BYV (Karasev et al., 1994; 1995; Pappu et al., 1994).  These 
include the array ofHEL, MET, POL, a small hydrophobic protein, an HSP70h, a 
61-kDa protein (p61), which is homologous to p64 of BYV, and the existence of two 
CPs (Dolja et al., 1994b).  However, there are some differences between the 
genomes of CTV and BYV.  CTV possesses a duplication of L-Pro and contains 
ORFs that have not been found in BYV.  A 33-kDa protein (p33; ORF 2), a 13-kDa 
protein (p13; ORF 9), and a 23-kDa putative RNA-binding protein (RBP; ORF 11), 
have no analogs in BYV genome.  An 18-kDa protein (p18; ORF 8) is distantly 
related to p20 of BYV (Dolja et al., 1994b; Karasev et al., 1995). 
1.1.3 Beet Yellow Stunt Virus 
Beet yellow stunt virus (BYSV) has about 1,400-nm particles which are 
transmitted by aphids, and the length of the RNA genome is about18,000 nucleotides 
(Duffus, 1979; Karasev et al., 1998).  The main crops infected by BYSV are sugar 
beet and lettuce.  Symptoms of BYSV infection in sugar beet and lettuce are 
yellowing, stunting, twisting, and chlorosis.  Although the yellowing disease caused 
by BYSV is similar to that caused by BYV, the host ranges of the two viruses are not 
identical (Duffus, 1972). 6 
The 3' half of the BYSV genome encodes at least 10 ORFs (Figure 1.1; 
Karasev et al., 1996), whereas the 5' proximal half is still to be characterized.  ORF 
1a and overlapping ORF 1b encode HEL and POL, respectively.  The genome 
organization of BYSV is characteristic of the closterovirus group and includes ORFs 
coding for a small hydrophobic protein (p6; ORF 3), an HSP70h (ORF 4), a 61-kDa 
protein homologous to p64 of BYV (p61; ORF 5), a CPm (ORF 6), a CP (ORF 7), 
and a 22-kDa protein distantly related to p21 of BYV (p22; ORF 9).  However, ORF 
2 coding for a 30-kDa protein (p30) and ORF 8 coding for a 18-kDa protein (p18) 
are unique among closteroviruses. 
1.1.4 Lettuce Infectious Yellows Virus 
Virions of lettuce infectious yellows virus (LIYV) are 1,800-2,000 nm in 
length, and are transmitted by whiteflies.  The major crops damaged by LIYV are 
lettuce, sugar beet, melon, and squash (Duffus et al., 1986).  The significant 
difference of LIYV from other closteroviruses is that this virus possesses two RNAs, 
RNA 1 of 8,118 nucleotides and RNA 2 of 7,193 nucleotides (Figure 1.1; Klaassen 
et al., 1995).  RNA 1 contains three ORFs.  ORF 1a encodes L-Pro, MET, and HEL, 
and overlapping ORF 1b codes for POL.  A 32-kDa protein (p32) is encoded in ORF 
2, and its amino acid sequence shows no similarity to any other known proteins. 
LIYV RNA 2 codes for six ORFs.  The array of these ORF is similar to that of other 
closteroviruses.  It contains a small hydrophobic protein (p5; ORF 1), an HSP70h 
(ORF 2), a 59-kDa protein homologous to p64 of BYV (p59; ORF 3), a CP (ORF 5), 
and a CPm (ORF 6).  ORF 4 coding for a 9-kDa protein (p9) and ORF 7 encoding a Figure 1.1  Genome organization of BYV, CTV, BYSV, and LIYV 
BYV 
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7 26-kDa protein (p26) have no analogs in other closteroviruses.  The additional 
differences from other closteroviruses are that the size of CPm is larger and that the 
order of CP and CPm is reversed.  In Nicotiana benthamiana protoplasts, it has been 
demonstrated that RNA 1 of LIYV is able to replicate in the absence of RNA 2, but 
both RNAs 1 and 2 are required for formation of virions (Klaassen et al., 1996, 
Medina et al., 1998). 
1.2 Virus Movement in Host Plants 
To infect a plant successfully, viruses need to go through a complex process 
including entry into a cell, replication within the cell, and local and long distance 
movement in the host plant (Carrington et al., 1996).  Viruses use plasmodesmata, 
small pores connecting plant cells, to get access to adjacent uninfected cells.  It  is 
believed that viruses modify plasmodesmata to allow passage of relatively large 
virus particles or genomes (Oparka et al., 1996a; 1997a).  Systemic infection is 
achieved by the entry of the viruses into the long-distance transport pathway of the 
phloem (Lucas and Gilbertson, 1994).  It has been suggested that viral and host 
factors that are involved in entry into and exit from the phloem sieve elements are 
different from those involved in local movement (Kempers et al., 1993; Carrington 
et al., 1996).  Phloem-limited viruses are thought to lack functions required to exit 
phloem cells (Oparka et al., 1996a). 
8 
Tobacco mosaic virus (TMV), one of the best studied plant RNA viruses, has 
a 30-kDa movement protein (MP), which is required for cell-to-cell movement of 9 
TMV (Deom et al., 1987).  MP has been demonstrated to bind single-stranded 
nucleic acids in vitro (Citovsky et al., 1992), and to target plasmodesmata and 
increase their size exclusion limit (Oparka et al., 1997a; Padgett et al., 1996; 
Waigmann et al., 1994; Wolf et al., 1989).  Heinlein et al. (1995) and McLean et al. 
(1995) have demonstrated that TMV MP associates with the plant cytoskeleton and 
have proposed that this association facilitates intracellular and intercellular 
translocation of the MP-viral RNA complex.  Unlike MP, CP is dispensable for cell-
to-cell movement of TMV (Dawson et al., 1988), which suggests that TMV moves 
into uninfected cells in a non-virion form (Padgett, et al., 1996).  However, CP of 
TMV is required for long-distance movement (Dawson et al., 1988).  In some other 
viruses, such as potyviruses (Dolja et al., 1994a; Rojas et al., 1997) and potexviruses 
(Chapman et al., 1992; Cruz et al., 1996; Oparka et al., 1996b; 1997b), CP is 
required for cell-to-cell movement in addition to MP.  Thus, different viruses utilize 
distinct mechanisms to spread in plant tissues (Oparka et al, 1997b). 
To facilitate studies of virus movement, 13-glucuronidase (GUS) from 
Escherichia coli has been used as a reporter gene (e.g., Chapman et al., 1992; Dolja 
et al., 1992).  Spread of viruses expressing GUS is easily detected by histochemical 
staining of the infected tissues.  However, there are several limitations of using GUS 
for the virus transport studies.  The staining destroys cell ultrastructure, so that no 
more experiments using the same tissue are possible.  Furthermore, diffusion of the 
reaction intermediates of GUS can cause misleading results, even though the 
diffusion can be reduced by addition of oxidation catalysts (Jefferson, 1987).  As an 
alternative reporter to GUS, Baulcombe et al. (1995) first demonstrated that the green fluorescent protein (GFP) from jellyfish Aequorea victoria is useful to study 
virus infections in plant cells.  GFP fluorescence is excited by blue or long-wa.ve 
ultraviolet light without requiring any exogenous substrates or cofactors (Chalfie et 
al., 1994).  By fusing GFP to viral proteins, it is possible to reveal their subcellular 
localization (Heinlein et al., 1995; Oparka et al., 1996a; 1997b). 
1.3 Overview of the Thesis 
10 
The primary objective of my thesis research was to develop reporter-tagged 
BYV variants in order to facilitate studies of viral gene expression and virus 
movement.  Three variants of BYV tagged by insertion of GUS ORF were 
engineered and used to examine the regulation of gene expression (see chapter 2). 
However, these variants were not suitable for investigation of BYV movement due to 
artifacts produced by diffusion of converted GUS substrate in leaves of C. perfoliata, 
a local lesion host of BYV (for details, see chapter 3).  Therefore, BYV variants 
expressing GFP were generated and used to demonstrate that HSP70h is required for 
viral cell-to-cell movement.  This protein represents a novel type of a plant viral MP. CHAPTER2 
Regulation of Closterovirus Gene Expression Examined 
by Insertion of a Self-Processing Reporter and 
by Northern Hybridization 
Yuka Hagiwara, Valery V. Peremyslov, and Valerian V. Dolja 
Submitted to Journal of  Virology, 




Beet yellows closterovirus (BYV) variants tagged by f3-glucuronidase (GUS) 
were generated.  The reporter open reading frame (ORF) coding for a fusion of GUS 
with a proteinase domain (Pro) derived from tobacco etch potyvirus was introduced 
between the first and second codons of the BYV ORFs encoding an HSP70h-
homolog (HSP70h), a major capsid protein (CP), and a 20-kDa protein (p20), 
resulting in expression of the processed GUS:Pro reporter and corresponding viral 
products.  The kinetics of transcription of the remaining BYV genes encoding the 
HSP70h, a 64-kDa protein (p64), a minor capsid protein (CPm), and a 21-kDa 
protein (p21) were investigated by Northern analysis.  GUS assays and Northern 
analyses revealed early activation of HSP70h, CPm, CP, and p21 promoters and later 
activation of p64 and p20 promoters.  The order of promoter activation did not 
correspond to that of ORFs in the BYV genome.  The deletion of six viral genes that 
are not required for viral RNA replication resulted in the dramatic increase in the 
level of transcription from one of the two remaining sub  genomic promoters, 
suggesting that the strength of the promoters are affected by the presence of 
neighboring promoters. 
2.2 Introduction 
A variety of positive-strand RNA viruses utilize subgenomic (sg) RNAs for 
internal gene expression (Koonin and Dolja, 1993).  The sgRNAs are normally 13 
generated via partial transcription of the genome-size minus-strand RNAs (Levis et 
al., 1990; Miller et al., 1985).  In viruses producing multiple species of sgRNAs, the 
kinetics and/or levels of sgRNA accumulation are transcriptionally regulated (e.g., 
Dawson and Lehto, 1990; Navas-Castillo et al., 1997).  By using tobacco mosaic 
virus (TMV), which employs the formation of sgRNAs for internal gene expression, 
Dawson and Lehto (1990) have suggested that each sgRNA promoter controls timing 
of gene expression independently, and that the gene located closer to the 3' terminus 
was expressed in greater amount. 
The closterovirus genomes contain 9 to 12 ORFs (Dolja et al., 1994b; Zhu et 
al., 1998).  Among these, ORFs 1a and 1b are expressed from the genomic RNAs, 
and the remaining ORFs are expressed via formation of sgRNAs (Dolja et al., 1990; 
He et al., 1997; Hilf et al., 1995; Klassen et al., 1995).  Recently, temporal control of 
sgRNA accumulation in citrus tristeza virus (CTV) was demonstrated (Navas-
Castilla et al., 1997). 
The purpose of this study was investigation of temporal regulation of gene 
expression of BYV, a prototype closterovirus.  The kinetics of accumulation of 
genomic RNA and sgRNAs produced by HSP70h, p64, CPm, and p21 promoters 
were studied by Northern analysis.  B-glucuronidase (GUS)-tagged BYV variants, 
which express GUS under control of HSP70h, CP, or p20 promoters, were generated 
and utilized to study regulation of these three genes.  By combination of these two 
different approaches, the profile of the closteroviral gene expression was revealed. 14 
2.3 Materials and Methods 
2.3.1 Engineering ofthe BYV eDNA Clones Tagged by Insertion of  GUS ORF 
Previously described full-length eDNA clone pBYV-NA and its partial 
derivatives p65M and p3'  -BYV (Peremyslov et al., 1998) were used to make GUS-
tagged variants.  The recognition sites for restriction endonucleases Apal and BstEIT 
were introduced between the first and second codons of the ORFs 3, 6, and 7 using 
site-directed mutagenesis (Kunkel et al., 1987).  The oligonucleotide 65-Abst (5'-
CGGTCGTGTGATGGGGCCCACTGGTAACCAAGTTGTTTTCGGATTAG-3') 
and plasmid p65M were used to mutate ORF 3, whereas oligonucleotides CP-ABst 
(5'  -TT GAGTTTCGGTATGGGGCCCACTGGTAACCTCGAACCTATAAGTGC-
3') and 20-Abst (5'-CACCGGAAAATGACTGGGCCCACTGGTACCCACTCTG 
TCGAACTAGC-3') were used to modify ORFs 6 and 7 present in p3'-BYV.  The 
mutations were verified by nucleotide sequencing.  These plasmids were digested 
with Apal and EstEll to make vectors for the following ligation. 
The GUS gene present in plasmid pTEV7D-GUS.HC (Dolja et al., 1993) was 
PCR-amplified using primers 5GUS-Apa (5' -GATGGGCCCATGGTCCGTCCT  -3 ') 
and 3GUS-Avr (5'-CTCCTAGGATTTGTTTGCCTCCC-3') possessingApal and 
Avril sites, respectively, followed by the digestion with corresponding 
endonucleases.  The proteinase domain (Pro) of the tobacco etch potyvirus (TEV) 
HC-Pro (Carrington et al., 1989) specified by TEV nucleotides from 1966 to 2436 
(Allison et al., 1986) was also amplified from the same template using primers 
5PPAvr (5'-CGCCTAGGTAA GGCTCAATATTC-3') and Pro-Bst (5'-15 
GCGGTT  ACCTCCAACA  TTGT  AAGT  -3 ') possessing Avril and BstEII sites, 
respectively, and the PCR product was digested with Avril and BstEII.  Ligation of 
GUS- and Pro-encoding DNA fragments into the vectors described above resulted in 
generation of p65M-GUS:Pro-HSP70h, p3'BYV-GUS:Pro-CP, and p3'BYV-
GUS:Pro-p20.  To clone the fragments harboring GUS:Pro ORF fused in-frame with 
ORFs 3, 6, or 8 into the full-length eDNA clone pBYV  -NA, the SnaBI and Ndel 
sites or the Nhel and BamHI sites were used as described (Peremyslov et al., 1998). 
The resulting pBYV-NA derivatives were designated as pBYV-HSP70hGUS, 
pBYV  -CPGUS, and pBYV  -p20GUS, in which GUS:Pro fusion protein is produced 
under control of the promoters directing expression of the HSP70h, CP, and p20 
genes, respectively (Figure 2.1 A). 
The generation of the recombinant variant pBYV-GUS-p21 (Figure 2.1 B), in 
which ORFs from 2 to 7 were deleted, whereas GUS was expressed under control of 
the ORF 6 (CP) promoter, has been described recently (Medina et al, 1999). 
2.3.2 Transfection of  Protoplasts 
The protoplasts were prepared from the suspension culture of Nicotiana 
tabacum cv. "Xanthi nc" cell line developed by D. Facciotti as described by 
Skuzeski et al (1990).  4 X 10
6 protoplasts in 0.6 ml of solution containing 200 mM 
mannitol, 10 mM NaCl, 4 mM CaCh, 10 mM HEPES, and 120 mM KCl (pH 7.2) 
were electroporated as described previously (Dolja et al., 1997).  50 111 of RNA 
transcripts synthesized under capping conditions from Smal-linearized plasmids (2 
J,lg) with SP6 RNA polymerase (Epicentre) were used for each transfection as 16 
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Figure 2.1 
Tagging of BYV by insertion of the self-processing reporter. (A) Diagram of the 
BYV genome with ORFs from la to 8 encoding leader proteinase (L-Pro), 
replication-associated proteins harboring putative methyltransferase (MET), RNA 
helicase (HEL), and RNA-dependent RNA polymerase (POL) domains, 6 kDa-
protein (p6), HSP70-homolog (HSP70h), 64 kDa-protein (p64), minor capsid protein 
(CPm), major capsid protein (CP), 20 kDa-protein (p20), and 21 kDa-protein (p21), 
is shown on the top.  The bottom part of (A) depicts a reporter GUS:Pro ORF 
encoding a fusion of f3-glucuronidase (GUS) with a proteolytic domain (Pro) derived 
from the tobacco etch potyvirus.  Large vertical arrows indicate the sites of reporter 
insertion into BYV eDNA clone and the names of the resulting plasmids.  Smaller 
rounded arrows designate the self-processing sites for the BYV L-Pro and reporter 
GUS-Pro.  (B) Diagram of the deletion variant pBYV  -GUS-p21.  Designations are 
the same as in (A) except for arrows marked as CP and p21 promoters; they show the 
approximate positions of the 5'termini of the subgenomic RNAs driven by the CP 
and p21 promoters. 17 
described (Peremyslov et al., 1998).  Protoplast samples were harvested after 86 
hours of incubation at room temperature, or at the specified time intervals.  For the 
time-course experiments using GUS-tagged BYV variants, approximately 2 x 10
6 
cells were harvested at 0, 1, 1.5, 2, 2.5, 3, 4, and 5 days post transfection.  Those 
samples were frozen in 200 111 of GUS lysis buffer (40 mM sodium phosphate [pH 
7.0], 10 mM EDTA, 0.1% Triton X-100, 0.1% sodium lauryl sarcosine, and 0.07% 
2-mercaptoethanol) until needed.  Each experiment was reproduced at least twice. 
Protoplasts transfected with pBYV-NA were harvested as indicated above, and about 
4 x 10
5 cells were used for immunoblot, while 1.6 x 10
6 cells were used for Northern 
analysis.  For immunoblot, each sample was homogenized in four volumes of protein 
dissociation buffer (0.625 M Tris-HCl [pH 6.8], 2% SDS, 10% 2-mercaptoethanol, 
and 10% glycerol) and frozen until required. 
2.3.3 GUS Assay 
The GUS activity in protoplasts was assayed as described previously 
(Carrington and Freed, 1990).  The frozen protoplast samples were thawed and 
ground followed by centrifugation.  For each assay, 25!-Ll portions of 1:10 to 1:1,000 
dilutions of lysate were used for the reaction with 4-methylumbelliferyl glucuronide 
(4-MUG).  GUS activity was determined by measuring conversion of 4-MUG to 
methylumbelliferone (MU).  Since the levels of GUS:Pro reporter expression driven 
by ORFs 3, 6, or 7 promoters were very different (see Results), these levels were 
expressed as percents of the maximal expression levels for each variant.  This 
approach allowed us to compare temporal activity patterns of the three promoters using the same scale.  Four independent transfections per variant were included in 
each experiment. 
2.3.4 Northern Analysis 
18 
RNA samples were isolated using TRIZOL® reagent (Gibco-BRL) and 
blotted to Zeta-Probe membrane (Gibco-BRL).  The Northern hybridization analysis 
was performed as described previously (Peremyslov et al., 1998).  The 
32P-labeled 
single stranded RNA probe of negative polarity was prepared by in vitro 
transctiption using T7 RNA polymerase and p3'BYV linearized at the BamHI site 
(Peremyslov et al., 1998).  The radiolabeled products were detected and quantified 
using a phosphoimager (Molecular Dynamics) and ImageQuant version 5 software 
package.  Four independent protoplast transfections were conducted with each BYV 
variant in each experiment; the means were used to compare accumulation of the 
genomic and sgRNAs.  The accumulation level was expressed as percents of the 
maximal accumulation level for each RNA species. 
2.3.5 Immunoblot Analysis 
Accumulation of the BYV CP in transfected protoplasts was examined by 
immunoblot analysis as described previously (Dolja et al., 1993).  20 j...ll of each 
protoplast sample homogenized in protein dissociation buffer were subjected to 
immunoblot analysis with 1:1,000 dilution of the anti-BYV serum (provided by 
Bryce W. Falk). 19 
2.4 Results 
2.4.1 Characterization of  the GUS-tagged BYV Variants 
To generate a self-processing reporter, GUS was fused to the short proteinase 
domain derived from TEV papain-like proteinase (Carrington et al., 1989).  This 
design permitted post-translational release of the reporter fused to various BYV-
encoded products.  The chimeric reporter GUS:Pro ORF was inserted between the 
first and second codons of ORFs 3, 6, and 7 to generate pBYV  -HSP70hGUS, -
CPGUS, and -p20GUS, respectively (Figure 2.1 A).  Autoproteolytic activity of the 
proteinase domain (Pro) resulted in cleavage between GUS:Pro and the 
corresponding viral protein.  This cleavage was verified by immunoblot using anti-
GUS serum (not shown).  As a result, the reporter and original viral product were 
expressed from a single expression unit without introduction of additional promoters 
into the BYV genome. 
In vitro GUS assays using protoplasts at 4 days post transfection (d.p.t.) 
demonstrated that these tagged BYV variants expressed enzymatically active GUS. 
The level of GUS activity produced by pBYV-CPGUS was the highest, while those 
produced by pBYV-HSP70hGUS and -p20GUS were only 2.3 ± 0.6% and 5.1 ± 1.3 
%of that produced by pBYV-CPGUS, respectively.  The background level of GUS 
activity measured using protoplasts transfected with pBYV-NA that lacked GUS 
reporter was less than 5 % of the activity produced by pBYV  -HSP70hGUS. 20 
2.4.2 Kinetics of  Gene Expression Driven by the Tagged Promoters 
To investigate temporal expression of HSP70h, CP, and p20 ORFs, time-
course experiments were conducted.  The expression levels controlled by each of 
three promoters were determined by GUS assay.  Figure 2.2 A shows the results of a 
typical time-course experiment.  In order to compare the kinetics of each gene 
expression using the same scale, the results were also expressed as percents of the 
maximal GUS activity for each variant (Figure 2.2 B).  GUS activity was first 
detected at 1.5 d.p.t. in pBYV-HSP70hGUS and pBYV-CPGUS, whereas pBYV-
p20GUS started to produce GUS activity at 2- 2.5 d.p.t.  pBYV-HSP70hGUS 
showed the earliest relative growth in the GUS activity through the observation 
period (Figure 2.2 A and B).  These results allow us to classify HSP70h and CP 
promoters as relatively early, and p20 promoter as late. 
2.4.3 Accumulation of  the Genomic and sg RNAs in Wild-type BYV 
To further study other promoters which were not tagged with GUS, the 
kinetics of accumulation of the genomic RNA and sg RNAs transcribed from the 
HSP70h, p64, CPm, and p21 promoters were investigated by Northern analysis using 
wild-type pBYV-NA.  The sgRNAs encoding CP and p20 were not quantified due to 
high background labeling present in corresponding regions of the membranes. 
Figure 2.3 demonstrates the time-course of accumulation of the genomic 
RNA and sgRNAs.  In the genomic RNA, the input RNA transcripts detected at time 
zero were degraded within 1 d.p.t., then the amount was gradually increased until the 
last day of sampling.  p64 sgRNA was also slowly, continuously accumulated.  On 21 
Figure 2.2 
Kinetics of GUS accumulation in protoplasts transfected with the three GUS-tagged 
BYV variants.  (A) The actual levels of GUS activities.  Scale of X-axis on the left 
side is for GUS activity of CPGUS, whereas that on the right side is for GUS 
activities of HSP70hGUS and p20GUS.  (B) The GUS activities expressed as a 
percent of absolute maximum for each variant.  The means from four independent 
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Figure 2.3 
Kinetics of accumulation of the genomic and four sub  genomic RNAs encoding 
HSP70h, p64, CPm, and p21 in protoplasts transfected with the wild-type BYV 
transcripts.  Northern hybridization and 
32P-laveled RNA probe of negative polarity 
were used to detect and quantify the RNA species.  The accumulation is expressed as 
percent of absolute maximum for each variant.  The means from four independent 
transfections were shown. 24 
the other hand, dramatically different temporal patterns were observed in the 
accumulation of CPm and p21 sgRNAs; they started to accumulate swiftly and the 
accumulation reached to nearly maximal levels between 1 and 1.5 d.p.t. followed by 
a decrease at 2.5 d.p.t.  The amount of HSP70h sgRNA started to increase between 
1.5 and 2 d.p.t. and showed similar reduction to those of CPm and p21 sgRNAs at 
2.5 d.p.t., followed by re-increment (Figure 2.3).  These results suggest that CPm, 
p21, and HSP70h promoters can be classified as early and p64 promoter as late. 
In order to correlate the data obtained by using GUS-tagged BYV variants 
and Northern analysis using non-tagged BYV, the kinetics of the accumulation of CP 
in protoplasts transfected with wild-type RNA transcripts was investigated by 
immunoblot analysis (see Materials and Methods).  As shown in figure 2.4, CP was 
first detected at 1.5 d.p.t. and then gradually increased.  This pattern parallels that of 
GUS accumulation driven by the CP promoter in pBYV-CPGUS.  Furthermore, in 
both experiments, HSP70h promoter appeared to be active between 1.5 and 2 d.p.t. 
Taken together, these results shown in Figure 2.2, 2.3, and 2.4 permit conditional 
classification of the promoters into two groups according to temporal control of their 
activity.  HSP70h, CPm, CP, and p21 promoters are grouped into early promoters, 
while late promoters include p64 and p20. 
The maximal relative levels of accumulation for the genomic RNA and the 
sgRNA species are compared in figure 2.5.  The most active promoter was CP 
followed by CPm and p21 promoters.  HSP70h and p64 promoters showed less than 
one-fifth activity compared to that of the CP promoter.  It  is obvious that there is no 
immediate correlation between promoter strength and genome position. M  0  1  1.5  2  2.5  3  4  5 
Figure 2.4 
Immunoblot analysis of the CP accumulation in protoplasts transfected with the 
wild-type BYV transcripts.  The protoplasts were harvested at 0, 1,  1.5, 2, 2.5, 3, 4, 
and 5 days post transfection.  M: sample obtained from the mock-inoculated 













genomic  HSP70h  p64  CPm 
26 
ND 
CP  p20  p21 
Maximal relative levels of the genomic and subgenomic (sg) RNA species in 
protoplasts transfected by the wild-type RNA transcripts.  The sgRNAs are 
designated in accord with their coding specificities and presented in the 5' to 3' order 
(cf. Figure 2-1 A).  Black bars show standard deviations.  ND: not determined. 
Although sgRNA encoding p20 is barely visible on the Northern blots, its 
quantification is impractical due to high background. 27 
2.4.4 Comparative Analysis of  the Four BYV Variants 
Insertion of the approximately 2.3-kb GUS:Pro sequence increases the 
genome size and the distance from the targeted promoter to the 3' terminus.  In order 
to reveal the effects of these modifications on viral replication and transcription, the 
accumulations of genomic RNA and two traceable sgRNAs derived from CP and 
p21 promoters were compared by Northern analysis (Figure 2.6, Table 2.1).  The 
replication of genomic RNAs in all tagged variants was affected by the insertion of 
the reporter.  The accumulation of sgRNAs were affected differently depending on 
the position of the GUS:Pro reporter insertion.  Indeed, the insertion of the reporter 
in front of the HSP70h gene does not affect the location of CP and p21 promoters, 
whereas the insertion in front of the CP or p20 genes changes the position of the CP 
promoter but does not affect that of the p21 promoter.  In pBYV-HSP70hGUS, the 
accumulation levels of CP and p21 sgRNAs were close to those of wild-type.  On the 
other hand, the levels of CP sgRNA in pBYV  -CPGUS and pBYV  -p20GUS variants 
were largely decreased, although that of p21 sgRNA was repressed to a lesser extent. 
Table 2.1  Accumulation of the genomic and two subgenomic RNA species in  BYV 
variants at 4 days post transfection of protoplasts 
BYV variant  genomic RNA  CP subgenomic RNA  p21 subgenomicRNA 
(% to WT)  (% to WT)  (% to WT) 
Wild type (WT)  100±5  100±10  100±18 
HSP70hGUS  38±5  101±24  94±7 
CPGUS  21±5  22±5*  48±16 
p20GUS  22±6  10±3  71±20 
GUS-p21  107+14  362+39*  124+25 
*In CPGUS and GUS-p21, the subgenomic RNA species derived from the CP promoter produce 










CPGUS  GUS-p21 
1 
Northern hybridization analysis of the RNAs derived from protoplasts at 86 hours 
post transfection.  The types of the used in vitro transcripts are shown on the top. 
WT: wild type transcripts derived from pBYV-NA clone.  Four lanes for each 
variant correspond to four independent transfections.  The RNA probe used was the 
same as in Figure 3.  Positions of genomic RNA (g) and subgenomic RNAs encoding 
HSP70h (hsp), p64, CPm (cpm), CP (cp), p20, and p21 corresponding to wild type 
transfections are indicated at the left.  int: an intermediate size, probably defective 
RNA (Bar-Joseph et al., 1997; Pelemyslov et al., 1998). Asterisks designate the 
background bands corresponding to plant ribosomal RNAs (Peremyslov et al., 1998). 
Note that the bands of CP subgenomic (sg) RNAs in the wild type and HSP70hGUS 
variants overlap with that of smaller ribosomal RNA.  Designation "~cp~"  shows 
position of the sgRNA derived from the CP promoter in the CPGUS and p20GUS 
variants.  The designations on the right indicate positions of the genomic RNA and 
sg RNAs in GUS-p21 variant.  'cp': GUS-encoding sgRNA derived from the CP 
promoter. 
The genomic RNAs and sgRNAs derived from the CP and p21 promoters are 
quantified in Table 2.1. 29 
pBYV  -GUS-p21 was generated from pBYV  -CPGUS to examine the impact 
of elimination of neighboring promoters (Figure 2.1 B).  In this variant, p6, HSP70h, 
CPm, CP, and p20 genes were deleted because none of them is necessary for the 
replication, whereas GUS was expressed under control of the CP promoter.  p21 
ORF was also retained for its function as a replicational enhancer.  The accumulation 
level of GUS sgRNA produced by CP promoter in the pBYV-GUS-p21-transfected 
protoplasts was three to four times higher than that of CP sgRNA in the protoplasts 
transfected with wild-type, in spite of the increased distance between the promoter 
and 3' terminus (table 2.1).  The level ofp21 sgRNA showed no dramatic difference 
between pBYV-GUS-p21 and wild-type. 
2.5 Discussion 
By combining the highly sensitive GUS assay with traditional Northern 
hybridization analysis, it became possible to reveal the temporal regulation of all 
BYV promoters including the weak promoters such as p20.  A complex pattern of 
transcriptional regulation in BYV was observed.  Comparison of GUS expression 
levels under control of the three sg promoters revealed that HSP70h and CP 
promoters are activated early compared to p20 promoter.  Examination of 
accumulation of sgRNAs by hybridization analysis further revealed that the p21  and 
CPm promoters were activated much earlier than p64 promoter was.  Hence, 
HSP70h, CPm, CP, and p21 promoters can be classified as early promoters, while 
p64 and p20 promoters can be grouped into late promoters.  The extremely early 30 
expression of p21 is consistent with the association of p21 with the viral replication; 
p21 is required for the efficient amplification of BYV RNA (Peremyslov et al., 
1998).  It is obvious that the order of promoter activation does not correspond to the 
order of the ORFs in BYV genome. 
GUS activity produced by pBYV-HSP70hGUS-transfected protoplasts 
increased continuously until4 d.p.t., although the temporal decrease in accumulation 
of HSP70h sgRNA was seen at 2.5 d.p.t. in Northern analysis (Figure 2.2 and 2.3). 
This difference seems to be due to the high stability of GUS in the protoplasts hiding 
the fine details of the regulation. 
It has been suggested that the strength of a sg promoter is dependent on its 
structure, distance from the 3' terminus, and presence of other promoters in the 
adjacent regions (Dawson and Lehto, 1990).  Transcription of BYV also seems to be 
affected by all of these factors.  First, no statistically significant similarities between 
putative BYV sg promoter sequences were found by computer analysis (not shown). 
Hence, the different primary and/or secondary structures of the sg promoters might 
be involved in determining the timing and strength of the promoter activation. 
Second, the activity of the CP promoter was decreased by the increased distance 
from the 3' terminus due to the insertion of GUS:Pro sequence (Table 2.1, pBYV-
CPGUS and pBYV  -p20GUS).  Third, the activity of the CP promoter was increased 
by removing adjacent promoters even though the position of the promoter was 
moved farther from the 3' terminus compared to that in wild-type (Table 2.1, pBYV-
GUS-p21).  The facts that the relative strengths of the sg promoters does not 
correspond to the order of the genes and that the timing of the sg promoter activation 31 
is controlled independently from its strength and position, imply that BYV possesses 
complex mechanisms of regulation of gene expression. 
The ability of BYV to accommodate a 2.3-kb reporter ORF at different 
positions of the genome demonstrates its potential as a high-capacity gene expression 
vector.  The additional advantage provided by a self-processing reporter is the 
production of a reporter and a viral product from the same expression unit. CHAPTER3 
The HSP-homolog Encoded by Beet Yellows Closterovirus is 
Required for Cell-to-cell Movement 
Yuka Hagiwara, Valery V. Peremyslov, and Valerian V. Dolja 
32 33 
3.1 Abstract 
In order to facilitate studies of closteroviral intercellular transport, beet 
yellows closterovirus (BYV) tagged by green fluorescent protein (GFP) was 
engineered.  The GFP-encoding open reading frame (ORF) was expressed under 
control of the BYV CP promoter.  To govern the expression of the BYV CP ORF, a 
promoter derived from beet yellows stunt virus (BYSV) was employed.  The GFP-
tagged BYV was competent in cell-to-cell movement and was readily observed 
under a fluorescent microscope.  Therefore, it was further utilized to investigate the 
function of BYV HSP70h in viral transport.  Two mutant derivatives of the GFP-
tagged BYV, DXho, in which a large deletion was introduced into HSP70h ORF, 
and NoHSP70h, in which the start codon of HSP70h was eliminated, were generated 
and analyzed.  It was found that both of the mutations arrested the movement of 
BYV, demonstrating that HSP70h is a movement protein of closteroviruses. 
3.2 Introduction 
For successful infection, plant viruses generally need to move from cell to 
cell through plasmodesmata followed by long distance movement through phloem 
(Carrington et al., 1996; Lucas and Gilbertson, 1994).  Difference in the host ranges 
among different viruses suggests that the host plants have particular factors engaged 
in movement.  Many plant viruses also encode specific proteins, named movement 34 
proteins (MPs), which facilitate intercellular movement of the viruses (Carrington et 
al., 1996; 1998). 
Tobacco mosaic virus (TMV)-encoded 30-kDa MP has been intensively 
studied.  It has been demonstrated that the TMV MP associates with the plant 
cytoskeleton (Heinlein et al., 1995; McLean et al., 1995) and plasmodesmata 
(Oparka et al., 1997; Padgett et al., 1996).  MacLean et al. (1995) have shown that 
TMV MP is able to bind directly to microtubules and to actin filaments and have 
proposed the model in which aMP-viral RNA complex utilizes microtubules to 
translocate through the cytoplasm, and then uses plasmodesmata-associated actin 
filament to translocate through plasmodesmata. 
Closteroviruses are positive-sense single-stranded RNA viruses whose 
genomes are the largest among known plant viruses (Dolja et al., 1994b).  The most 
well-studied virus in the closterovirus group is BYV; nevertheless, little is known 
about the proteins associated with the virus movement in a host plant.  To date, 
several research groups have suggested that HSP70h encoded in closteroviruses is a 
movement protein (Agranovsky et al., 1991a; 1998; Dolja et al., 1994b; Karasev et 
al., 1992; Medina et al., 1999).  Agranovsky et al. (1998) have shown that BYV 
HSP70h assists the cell-to-cell movement of movement-defective mutants of other 
virus groups.  However, the direct genetic evidence of the functions of HSP70h in 
closteroviral movement has not been presented. 
By using a modified eDNA clone of the BYV genome tagged with GFP 
ORF, it became possible to visualize the cell-to-cell movement of BYV and address the role played by HSP70h in this process.  It  is demonstrated in this chapter that 
HSP70h is, in fact, aMP of BYV. 
3.3 Materials and Methods 
3.3.1 Modification of  a Full-length BYV eDNA Clone 
35 
The previously characterized eDNA clone of BYV (pBYV-NA) was 
infectious at the single-cell-level, but not at the whole-plant level (Peremyslov et al., 
1998).  We assumed that this clone had genetic defects possibly introduced during its 
generation.  To eliminate these defects, most of 3' terminal half of the eDNA clone 
was regenerated.  The Californian isolate of BYV (BYV  -Cal; provided by Bryce W. 
Falk, University of California, Davis) was propagated on Tetragonia expansa plants. 
The virion RNA (Peremyslov et al., 1998) was used as a template for reverse 
transcription (RT) after denaturation by heating at 60°C for 10 min.  The resulting 
eDNA were used for PCR-amplification of the 3' terminal region ofBYV genome 
between SnaBI and BstEII sites using primers C15,453 (5'  -GACTTCGCTAGG 
AGTGTGAAA-3') and 9,180 (5'-AAGTACGGGTACGAAAGTGGTG-3').  The 
reactions were carried out by using SuperScript II reverse transcriptase (Gibco-
BRL), Taq DNA polymerase, and Taq Extender (Stratagene) according to the 
manufacturers' protocols.  The amplified fragment was cloned into pBYV-NA by 
using SnaBI and BstEII sites located in the end of POL and 3' non  translated regions, 
respectively.  The resulting clones were tested in protoplasts, and the replication-
competent clones were further examined by bioassays on Claytonia perfoliata plants. Among 12 clones, three were capable of inducing the characteristic local lesions 
identical to those produced by the wild-type virus.  One of these movement-
competent clones referred as pBYV-4 was selected for further studies. 
3.3.2 Plasmid Construction 
3.3.2.1 Generation of pBYV4-GFP-SPr, -MSPr, -LSPr, and -GPr 
36 
The GFP gene was PCR-amplified from pEGFP vector (Clontech) using 
primers EGFP-Apa and EGFP-Avr that possessedApal andAvriT restriction sites, 
respectively.  The GUS gene present in p3'BYV-GUS:Pro-CP described in Chapter 
2 was replaced with the GFP gene by using the Apal and AvriT sites resulting in 
generation of p3 'B  YV  -GFP:Pro-CP. 
Primers 3YSPr (5' -CTGCATGCTGATTGCACTTCGC-3') possessing a 
Sphl site and 5YSPr (5'-AACCTAGGCTGACCTCAACGTG-3') possessing aAvriT 
site and a stop codon following the GFP ORF, were designed to amplify a 244-nt 
promoter region located upstream of the start codon of the BYSV CP gene.  The 
plasmid q32 kindly provided by Alexander Karasev was used as a template (Karasev 
et al., 1996).  The resulting PCR product was cloned into p3'CPGFP using the Sphl 
and Avril sites.  A short remaining fragment ofTEV-derived nucleotide sequence 
was removed by site-directed mutagenesis (Kunkel et al., 1987) using 
oligonucleotide R-YSPr (5'-GCGAAGTGCAATCAAT GGGAT CAGCCGAACCT 
-3'), resulting in generation of p3'CPGFP-SPr.  The sequence between Bamlll and 
Nsil sites harboring GFP and the heterologous BYSV promoter was cloned into 
pBYV-4 to generate pBYV4-GFP-SPr (Figure 3.1 A). 37 
Figure 3.1 
Tagging of BYV by insertion of GFP with a promoter sequence derived from BYSV 
or GLRaV-2.  (A) Diagram of the BYV genome tagged with GFP.  The sites for 
restriction endonucleases used in this study are indicated.  See the text for detailed 
explanation  (B) Diagram of HSP70h ORF showing mutations introduced into 
HSP70h ORF of pBYV4-GFP-SPr.  The arrows indicate the positions of the 
introduced mutations.  NoHSP70h: point-mutation replacing the start codon to 
generate pBYV4-GFP-NoHSP70h.  DXho: deletion mutation between two Xhol sites 
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pBYV4-GFP-MSPr and pBYV4-GFP-LSPr were generated after several 
subcloning steps.  First, 346-nt (for MSPr) or 438-nt (for LSPr) sequences harboring 
expanded BYSV CP promoter regions were PCR amplified from q32 using primers 
3YSPr and 5MSPr (5'-AACCTAGGATGA ACCTTTCTGTAGC-3') or 5YSP-2 (5'-
AACCTAGGATGA CGCGTGGATC-3'), respectively.  Both 5' primers included 
an Avril site and a stop codon.  These fragments were subcloned into p3'CPGFP by 
using the Sphl and Avril sites, followed by additional subcloning into p3'CPGFP-
SPr by using the Bamm and Munl sites to construct p3 'CPGFP-MSPr and 
p3'CPGFP-LSPr.  The fragments from these plasmids were cloned into pBYV-4 by 
using Bamm and Nsll to generate pBYV4-GFP-MSPr and pBYV4-GFP-LSPr 
(Figure 3.1 A). 
To introduce a promoter controlling the expression of the CP of GLRaV-2, 
the same subcloning steps used to generate pBYV4-GFP-SPr were followed. 
Primers 3GPr (5' -ATGCATGCAGCGTTTTCTTCTGC-3') possessing a Sphl site 
and 5GPr (5'  -AACCTAGGATGAAAAGTCTCAC-3') including an Avril site and a 
stop codon for GFP were used to amplify the promoter region from a template p3600 
kindly provided by Nina Gahnem.  Oligonucleotide RGPr (5' -CGCAGAAGAAAA 
CGCTATGGGA TCAGCCGAACCT-3') was used to remove the remaining short 
stretch of TEV nucleotide sequence by site-directed mutagenesis and constructed 
p3'CPGFP-GPr.  pBYV4-GFP-GPr was generated by cloning of the sequence 
between the Bamm and Nsil sites into pBYV-4 (Figure 3.1 A). 40 
3.3.2.2 Construction of Plasmids Possessing Mutations in HSP70h ORF 
p65M-4, a partial plasmid derived from pBYV-4 and harboring HSP70h ORF 
ofpBYV-4 sequence, was used to introduce mutations into HSP70h (figure 3.1 B). 
To mutate the start codon of HSP70h, oligonucleotide D65-ATG (5'  -CGGTCGTG 
TGAT ACGCGTTTTCGGATTAG-3') including an Mlul site was used for site-
directed mutagenesis (Kunkel et al., 1987).  The mutant HSP70h ORF was cloned 
into pBYV4-GFP-SPr using SnaBI and Ndel to engineer pBYV4-GFP-NoHSP70h. 
The revertant of NoHSP70h to the wild-type was generated via a second cycle of 
mutagenesis and designated YesHSP70h.  A large in-frame deletion was introduced 
into HSP70h ORF by deleting the DNA fragment between two Xhol sites present in 
p65M-4 (Figure 3.1 B).  The sequence of modified HSP70h ORF was cloned into 
pBYV4-GFP-SPr using SnaBI and Ndel sites to generate pBYV4-GFP-DXho. 
3.3.3 Protoplast Transfection 
Transfection of protoplasts was performed as described in Chapter 2. 
3.3.4 Plant Inoculation 
6 to 8-week-old C. perfoliata plants were used as a local lesion host to study 
BYV cell-to-cell movement.  The RNA transcripts were generated under capping 
conditions using Smal-linealized plasmids and SP6 RNA polymerase (Epicentre) in 
50 Ill reactions.  8 Ill aliquots of the reaction mixture per leaf were used for manual 
inoculations.  In a typical experiment, six leaves from six individual plants were 
inoculated by each BYV variant.  At 2, 5, 8, 12, 15, and 17 days post inoculation 41 
(d.p.i.), inoculated leaves were harvested, and GFP fluorescence was observed under 
a fluorescent microscope equipped with a mercury-arc lump and FITC filter. 
Diameters of infection foci were determined as the mean number of epidermal cells 
across the focus.  Each experiment was reproduced at least twice. 
3.3.5 Immunoblot Analysis 
The protoplasts transfected with the RNA transcripts synthesized as described 
in Chapter 2 were harvested at 86 hours post transfection and used for immunoblot 
analysis as described in Chapter 2. 
3.4 Results 
3.4.1 Generation and Comparative Analysis of  the GFP-tagged BYV Variants 
The major objectives of this study were to generate the GFP-tagged BYV and 
to utilize it for identification of HSP70h function in the closterovirallife cycle. 
Although the utilization of GUS-tagged BYV variants facilitated studies of gene 
expression in protoplasts as shown in Chapter 2, these variants were not suitable for 
the study of viral movement due to artifacts produced by diffusion of converted GUS 
substrate.  In addition, accumulation of the viral proteins expressed as a fusion with 
GUS:Pro dramatically decreased; for instance, pBYV-CPGUS produced only minute 
amount of CP resulting in assembly-deficient virus. 
To overcome these obstacles, we have developed an alternative approach for 
generation of a reporter-tagged BYV (Figure 3.1 A).  The GFP was chosen as a 42 
reporter providing a sensitive, non-diffusable, real-time marker of virus translocation 
from cell-to-cell (Oparka et al., 1996).  The GFP ORF was cloned downstream from 
the CP promoter to obtain high levels of reporter production in the new approach. 
Therefore, it was required to engineer an additional strong promoter for the 
expression of CP ORF.  To avoid homologous recombination that is likely to result 
in deletion of the introduced reporter ORF, we decided to employ a heterologous 
promoter, recognizable by BYV RNA polymerase.  Therefore, we chose CP 
promoters derived from BYSV and GLRaV-2, closteroviruses closely related to 
BYV (Karasev et al., 1996; Zhu et al., 1998).  A 244-nt BYSV CP promoter region 
and a 378-nt GLRa  V  -2 CP promoter region were defined arbitrarily and introduced 
upstream from CP ORF to generate pBYV4-GFP-SPr and pBYV4-GFP-GPr, 
respectively.  In the transfected protoplasts, the level of CP accumulation in pBYV4-
GFP-SPr was higher than that in pBYV4-GFP-GPr, although both promoters 
directed the production of CP (Figure 3.2 A).  However, the amount of CP produced 
from BYSV promoter was less than that from wild-type BYV.  The reduced CP 
production might be due to lacking additional promoter elements associated with the 
244-nt putative promoter.  To test this possibility, two additional variants, pBYV4-
GFP-MSPr and pBYV4-GFP-LSPr, harboring larger fragment of BYSV DNA (346-
nt and 438-nt, respectively), were generated and analyzed.  As shown in Figure 3.2 
B, there was no significant difference in the levels of CP accumulation between three 
tested variants possessing a putative BYSV promoter.  This result suggests that the 
244-nt fragment harbored by pBYV4-GFP-SPr represents a suitable promoter for 
BYV CP expression in the selected genetic background. 43 
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Figure 3.2 
Immunoblot analyses of CP accumulation in protoplasts at 86 hours post 
transfection.  The position of CP is indicated.  (A) Protein samples obtained from 
protoplasts transfected with transcripts derived from wild-type BYV (lane 1), 
pBYV4-GFP-SPr (lane 2), or pBYV4-GFP-GPr (lanes 3 and 4).  (B) Protein samples 
obtained from protoplasts transfected with pBYV4-GFP-SPr transcripts (lane 1), 
pBYV4-GFP-MSPr transcripts (lane 2), pBYV4-GFP-LSPr transcripts (lane 3), or 
wild-type transcripts (lane 4).  M: sample obtained from mock-inoculated 
protoplasts.  The anti-BYV serum was used for detection of CP. 44 
3.4.2 Cell-to-cell Movement of  GFP-tagged BYV 
The competence of pBYV4-GFP-SPr in cell-to-cell movement was examined 
in C. peifoliata plants.  Single, initially inoculated cells producing GFP-specific 
fluorescence were detected at 2 days post inoculation (d.p.i.), and the gradual 
expansion of fluorescent infection foci continued unti112 d.p.i. (Figure 3.3 A-D).  At 
the later time intervals, fading fluorescence in the center of foci resulting from 
necrosis was observed (Figure 3.3 E and F).  The diameters of 368 fluorescent foci 
were analyzed at 12 d.p.i.  Although 73 foci remained unicellular, the majority of the 
foci were multicellular with the diameters ranging from two to nine cells (Figure 3.4 
A).  Furthermore, the red necrotic lesions that appeared on these inoculated leaves 
after 12 d.p.i. were indistinguishable from those on the leaves inoculated with wild-
type BYV (not shown).  These results demonstrated that GFP-tagged BYV is 
competent in cell-to-cell movement and can be used as a powerful tool to study the 
genetic requirements for closteroviral transport inside plants. 
3.4.3 HSP70h is a Closteroviral Movement Protein 
Two mutant variants of pBYV4-GFP-SPr were generated to reveal the 
relation of HSP70h to local transport of BYV in plants (Figure 3.1 B).  The region 
between two Xhol sites that codes for ATPase domain and most of the C-terminal 
domain was deleted in-frame to generate pBYV4-GFP-DXho.  It was revealed that 
this mutant variant was restricted to single, initially inoculated cells throughout the 
time-course experiment (Figure 3.3 G and H).  At 12 d.p.i., only one out of 105 foci 
had two fluorescent cells side by side, and rest of the foci were unicellular (Figure 45 
3.4 A).  This result strongly suggested that HSP70h is required for the cell-to-cell 
movement of BYV.  However, it cannot be excluded that RNA sequences itself 
rather than the encoded protein product was required for the viral transport.  To 
examine this possibility, another mutant variant, pBYV4-GFP-NoHSP70h, was 
generated (Figure 3.1 B).  In this variant, expression of HSP70h was abolished due to 
a point mutation changing the start codon of HSP70h ORF to ATA (Medina et al., 
1999; Peremyslov et al., 1998).  At 12 d.p.i., 133 out of 134 infection foci were 
unicellular, although two fluorescent cells were found next to each other in one focus 
(Figure 3.4 A).  The requirement of HSP70h for viral movement was further 
confirmed by the revertant, pBYV4-GFP-YesHSP70h, in which mutated ATA codon 
was reverted back to the wild-type start codon ATG.  This revertant was fully 
competent in cell-to-cell movement (Figure 3.4 B), demonstrating that the start 
codon mutation rather than any incidental second-site mutation was responsible for 
observed phenotype of NoHSP70h variant.  Taken together, these data demonstrated 
unequivocally that HSP70h is indispensable for intercellular transport of BYV. 
3.5 Discussion 
In this research, we successfully generated a reporter-tagged BYV, which 
was competent in cell-to-cell movement.  High expression of GFP under the control 
of BYV CP promoter allowed us to visualize the virus spread in the plant tissue. 
Introduction of the heterologous promoter derived from BYSV, a closterovirus 
related to BYV, permitted production of a sufficient amount of CP.  It was also 46 
Figure 3.3 
Detection of GFP in infected cells using a fluorescent microscope.  Infection sites on 
C peifoliata leaves inoculated with in vitro transcripts ofpBYV4-GFP-SPr (A-F). 
Infection foci at 2 (A), 5 (B), 8 (C), 12 (D), 15 (E), and 17 (F) days post inoculation 
(d.p.t.) are shown.  In E and F, fading fluorescence is observed in the center of the 
foci.  Unicellular infection sites on the leaves inoculated with in vitro transcripts of 
pBYV4-GFP-DXho at 2 (G) and 12 (H) d.p.t. 48 
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Figure 3.4 
The number of infection foci and their diameters observed in the C. perfoliata leaves 
that were inoculated with transcripts derived from (A) pBYV4-GFP-SPr, pBYV4-
GFP-DXho, or pBYV4-GFP-NoHSP70h, and (B) pBYV4-GFP-YesHSP70h.  Six 
plants were mechanically inoculated using the transcripts, and the number of 
fluorescence-expressing cells across an infection focus was determined under a 
microscope at 12 days post inoculation. 52 
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shown that the phenotype exhibited by GFP-tagged BYV (BYV  -GFP) on C. 
perfoliata leaves was indistinguishable from that produced by wild-type BYV.  Thus, 
BYV  -GFP provides a critical tool for the studies of closteroviral movement. 
Using BYV-GFP, it was revealed that HSP70h potentiates the viral cell-to-
cell movement.  Each of two tested HSP70h mutants was restricted to initially 
inoculated cells (Figure 3.4 A).  Moreover, the reverse mutation, which restored 
movement competence, confirmed that the movement deficiency in one of these 
mutants was, indeed, due to the lack of the functional HSP70h.  These results 
represent the first genetic evidence for the HSP70h's role in closteroviral cell-to-cell 
movement. 
Like other HSP70s, BYV HSP70h has been shown to possess an ATPase 
activity (Agranovsky et al., 1997).  Interestingly, movement-associated proteins from 
several diverse plant viruses were also found to be ATPases.  One of the "triple gene 
block" MPs in hordeiviruses have been demonstrated to have ATPase activity 
(Donald et al., 1997; Petty and Jackson, 1990).  In potyviruses, a cylindrical 
inclusion (CI) protein that exhibits RNA helicase and ATPase activities was 
implicated in viral cell-to-cell movement (Carrington et al., 1998; Lain et al., 1991; 
Roberts et al., 1998).  The role(s) of ATPase activity in the viral transport is yet 
unclear, although it seems reasonable to assume that virus translocation is an energy-
consuming process dependent on ATP hydrolysis. 
Closteroviral HSP70h shares several features with MPs of some genetically 
unrelated plant viruses, such as TMV.  Similar to TMV MP, HSP70h is produced at 
the early stage of infection (Dawson and Letho, 1990; see Chapter 2).  Both BYV 54 
HSP70h and TMV MP were found in plasmodesmata (Medina et al., 1999; Oparka 
et al., 1997; Padgett et al., 1996) and in association with microtubules (Heinlein et 
al., 1995; Karasev et al., 1992; McLean et al., 1995).  The exact mechanism of the 
closteroviral movement involving HSP70h function is yet to be revealed.  It seems 
likely that the extensive knowledge of the structure to function relations available for 
the cellular HSP70s will provide an important guidance in further studies of this 
novel type of plant viral MP. 55 
CHAPTER4 
Conclusions 
In this thesis research, several important results were obtained.  First, GUS-
tagged BYV was engineered and used to study regulation of closteroviral gene 
expression.  By using GUS assay in combination with traditional Northern 
hybridization analysis, temporal and quantitative regulation of gene expression was 
characterized.  HSP70h, CPm, CP, and p21 genes were found to be expressed at 
early stage of infection, whereas p64 and p20 genes were expressed at later stage. 
The promoter controlling expression of CP was the strongest; its activity was 
reduced by increasing the distance from 3'  -end and increased by eliminating adjacent 
promoters.  Second, GFP-tagged BYV was engineered and demonstrated to be 
competent in cell-to-cell movement, providing a tool with which to study 
closteroviral translocation.  Third, the cell-to-cell movement of GFP-tagged BYV 
was arrested by inactivating HSP70h gene via a start codon replacement or a large 
deletion, demonstrating the essential role of HSP70h in the viral intercellular 
transport. 
The future research utilizing GFP-tagged BYV will be aimed at dissection of 
molecular mechanisms involved in HSP70h-mediated transport of a closterovirus 
inside infected cells. BIBLIOGRAPHY 
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